The smooth muscle isoform of myosin light chain kinase (MLCK) is a Ca 2+ -calmodulin-activated kinase that is found in many tissues. It is particularly important for regulating smooth muscle contraction by phosphorylation of myosin. This review summarizes selected aspects of recent biochemical work on MLCK that pertains to its function in smooth muscle. In general, the focus of the review is on new findings, unresolved issues, and areas with the potential for high physiological significance that need further study. The review includes a concise summary of the structure, substrates, and enzyme activity, followed by a discussion of the factors that may limit the effective activity of MLCK in the muscle. The interactions of each of the many domains of MLCK with the proteins of the contractile apparatus, and the multi-domain interactions of MLCK that may control its behaviors in the cell are summarized. Finally, new in vitro approaches to studying the mechanism of phosphorylation of myosin are introduced.
Introduction
Myosin light chain kinase (MLCK; EC 2.7.11.18) is a ubiquitous Ca 2+ /CaM-activated kinase found in smooth, cardiac and skeletal muscle as well as in mammalian non-muscle cells. The focus of this review is the so-called smooth muscle MLCK (called MLCK here), which in humans is encoded by the single copy MYLK1 gene. This smooth muscle isoform is not restricted to smooth muscle tissues. Regulation of expression of MYLK1 in smooth muscle and other tissues has been recently reviewed (1) . MYLK2 encodes the skeletal MLCK and MYLK3 encodes a cardiac-specific MLCK ((2); GenBank accession number EU403565). The nomenclature can be confusing because MYLK1 gene encodes both the socalled nonmuscle and the smooth muscle isoforms of MLCK in addition to telokin (also called kinase related protein or KRP) by alternative initiation sites (3) . The nonmuscle isoforms are longer than the smooth muscle isoforms due to an N-terminal ~900 amino acid extension. Therefore, nonmuscle MLCK is often referred to as the long isoform and smooth muscle the short isoform. There are several nonmuscle variants in humans that are generated by alternative splicing (Q15746-1,2,3a,3b,4,5,6), but the smooth muscle isoform (Q15746-7) and telokin (Q15746-8) have no alternative spliced variants. Therefore, the nonmuscle and smooth muscle isoforms share identical sequences in the region shown in Figure 1 and telokin contains only the IgT portion of MLCK.
The avian gene is worth mentioning here because many studies have been done with the easily-purified MLCK from the abundant chicken or turkey gizzard tissue (4) (5) (6) (7) (8) (9) . The avian MLCK gene (10) encodes three proteins by alternative initiation, the long (P11799-2 or MLCK-210) and short (P11799-1 or MLCK-108) isoforms are known as the nonmuscle and smooth muscle, respectively, and telokin (P11799-1). Avian MLCK is unique in that it lacks a portion of the proline rich repeat region found in the mammalian MLCKs. The chicken gizzard smooth muscle MLCK is composed of 972 amino acid residues with a calculated Mr value of 107,534.
Structure of MLCK MLCK contains conserved domains in a conserved order
The conserved domains of the short or smooth muscle isoform of MLCK is shown in Figure  1 . The shorter isoform found in avian muscle lack the proline rich repeats. MLCK has an actin-binding domain, composed of three DFRxxL motifs at the N-terminus (11) (12) (13) (14) , which binds weakly to purified F-actin (15) . Ca 2+ -CaM also binds the DFRXXL region resulting in weakened actin binding (16) , but the physiological significance of this is not known. There is some evidence that Ig1 and/or Ig2 also bind to actin (14) . The IgT domain binds to smooth muscle myosin (SMM) (17, 18) and the kinase domain binds to ATP and to the Nterminal phosphorylation domain of the myosin regulatory light chain (RLC) to phosphorylate S19. MLCK binds to SMM filaments (15, (19) (20) (21) and SMM monomers (21, 22) at the junction between the two SMM heads and the tail (17, 19) through the IgT domain (17, 18) , although other MLCK-SMM interaction sites have been proposed (15, 23) . The functions of the fibronectin domain (Fn; Type 3) and proline rich repeat regions are not known. In general, the order of the conserved domains in MLCK is also highly conserved, strongly suggesting that specific interactions between domains, potentially involving the linker regions, are important for function.
MLCK is an elongated and potentially flexible molecule
MLCK is an elongated and potentially flexible molecule (19, 24, 25) . There are no crystal structures of the full length kinase, but several structures in the database are representative of various domains (25) . Figure 2 shows a proposed molecular model of the rabbit kinase based upon known structures from homologous proteins and structural predictions based upon sequence (25) . Visualization of the full length molecule by electron microscopy suggests that it can adopt many conformations from elongated, to compact (19, 25) . This suggests that the molecule is highly flexible. The extended length of MLCK is sufficient to span between the thick and thin filaments in smooth muscle, and the length could be longer if the proline rich repeat segment is modeled as an extensible linker (25) . The distance between the thick and thin filaments at rest is ~ 26 nm (26) . Figure 3 shows the crystal structure of a fragment of twitchin kinase, which is likely to be structurally homologous to MLCK, although it binds S100 instead of Ca 2+ -CaM. Note the close juxtaposition of the IgT domain (right) with the kinase domain (left) creating a large interacting surface. If MLCK adopts a similar conformation, this interface would be disrupted by CaM binding.
Substrates of MLCK
Relative kinetics of SMM versus NMM phosphorylation by MLCK NMM (nonmuscle myosin) and SMM (smooth muscle myosin) are the only known substrates of MLCK in vivo (27, 28) . Figure 4 shows a schematic of the structure of myosin II, a class that includes both SMM and NMM. Phosphorylation of myosin on the regulatory light chains (RLC; also called LC 20 ) activates the actin-activated myosin ATPase activity, which is necessary and sufficient for muscle contraction. MLCK-mediated phosphorylation in tracheal, bronchial (29) , and gastrointestinal (30) smooth muscle cannot be rescued by other kinases in knockout mice, demonstrating its pivotal position in signaling pathways that regulate force generation.
All smooth muscles express two forms of myosin II, SMM (most abundant; includes 4 alternatively-spliced variants derived from a single smooth muscle myosin heavy chain gene: 1A, 1B, 2A and 2B) and NMM (IIA, IIB major, IIC minor). A number of groups have provided biochemical (31, 32) as well as mechanical (33) (34) (35) evidence that NMM participates in a physiologically relevant pathway for force maintenance in smooth muscle. Remarkably, it has only been recently shown directly that NMM is phosphorylated by MLCK in smooth muscle (28) . There are no published kinetic studies of the interaction of MLCK with NMM. Our preliminary data using expressed nonmuscle RLC or HMM IIB and smooth muscle RLC or HMM shows that even though the sequence identity of these isoforms is 90%, the nonmuscle proteins are not as good substrates for MLCK as are the smooth muscle proteins (lower V max ; W. Pearce collaboration, unpublished). During the rapid phase of contraction, it might be that MLCK phosphorylates SMM more rapidly than NMM. This would prevent a situation in which phosphorylated NMM IIB, with a slower ADP release rate than SMM, from serving as a brake on contraction, even though the assisting load from the faster SMM would provide some level of enhancement of ADP release from the acto-NMM complex (31) . During the force maintenance phase the more slowly phosphorylated NMM will have attained a significant level of phosphorylation to maintain force, most likely in the ADP state. Further studies are required to test this idea.
Nucleotide substrates
Of course, ATP is the other substrate of MLCK, which is hydrolyzed to ADP at the active site in the kinase domain. Typical K m s for ATP are around 50-150 µM. ATP can bind to the catalytic core regardless of whether the autoinhibitory sequence occupies the surface of the large lobe of the core. MLCK can also use ATPγS as a substrate, which is useful to essentially irreversibly phosphorylate myosin in the presence of phosphatase activity, which only very slowly dethiophosphorylates myosin (36) .
MLCK enzyme activity

MLCK is sensitive to proteases
Like many contractile proteins, MLCK is susceptible to proteolytic degradation during purification from the tissue (37) . Even highly purified preparations are susceptible to slow proteolysis in our hands (21) . The enzyme activity is not particularly stable, we find that inclusion of reducing agents in buffers helps to some extent, but freezing and thawing are not recommended. Rabbit MLCK has been expressed in insect cells with full activity (38) (25, 39) , where proteases are less of a problem, but in modest yields. There is one report of high yield expression in E. coli (16) .
Proteolytic digestion studies have revealed regions of flexibility in MLCK and were useful to determine the sequence of domains that were later confirmed by direct sequence analysis. Digestion of chicken gizzard MLCK with α-chymotrypsin in the absence of Ca 2+ -CaM generates a ~95 kDa fragment that lacks the telokin domain and the N-terminal 63 residues but retains intact autoinhibitory and calmodulin-binding domains (19, 40) . Similar digestion with chymotrypsin but in the presence of Ca 2+ -CaM yields a Ca 2+ -CaM-independent kinase of ~80,000 (41) . Digestion with trypsin initially generates a 64 kDa fragment that lacks Ca 2+ -CaM-sensitive activity because CaM binding site has been removed but the inhibitory segment is retained. Further digestion releases the inhibitory segment to generate constitutively fragment of 61 kDa (42) . This 61 kDa fragment does not bind or binds weakly to actin and has therefore lost an undetermined portion of the N-terminal actin binding domain.
Ca 2+ -CaM binding is the most important regulator of MLCK enzyme activity
The residues of MLCK that are required for catalytic activity have been well-characterized (reviewed in (26) This induces a conformational change, which involves displacement of the auto-inhibitory sequence (Figure 1 ) from the surface of the catalytic core, thereby allowing substrate (RLC) access (23) and a global rearrangement of the interactions between the kinase domain and CaM (27) . The specific amino acids in CaM, the kinase catalytic core, and CaM-binding region, and the partially overlapping auto-inhibitory segment that are involved in this mechanism have been characterized (see (27) for review).
MLCK activity assay and kinetic constants
MLCK specifically phosphorylates S19 on the RLC, whereas other kinases known to phosphorylate myosin in smooth muscle can in addition phosphorylate other sites, most importantly T18 (43, 44) . In vitro, the steady-state kinase activity of MLCK is typically measured in low ionic strength buffers at pH 7-7.8 containing 5-10 mM MgCl 2 , 0.1-1 mM CaCl 2 , various CaM concentrations, and 1 mM γ[P 32 ]-ATP at low ratios of enzyme to substrate. Intrinsic MLCK activity with RLC as the substrate is decreased about 10-20 fold by increasing the KCL concentration 10 fold from 0.05 to 0.5 M (45) . A common substrate is the purified RLC from chicken gizzards. The essential light chain of myosin is not a substrate, nor is the heavy chain (but see (46) ). The most common assay method is to apply aliquots of reaction mixtures, incubated for various times after addition of ATP, to paper discs which bind strongly to anionic proteins. After quenching the reaction on the discs in acid, extensive washing steps remove free ATP to allow the phosphorylated substrate (RLC or myosin) to be quantified by scintillation counting of the discs. A compilation of kinetic constants for MLCK can be found in the BRENDA enzyme database (http://www.brenda-enzymes.org). Typical specific activities of MLCK, calculated from initial velocities, using chicken or turkey gizzard RLC as a substrate are 5-20 µmol/min-mg under V max conditions. Apparent K m s for RLC and CaM are typically ~5-10 µM and 1-2 nM, respectively.
Steady-state mechanism of the myosin phosphorylation reaction
The steady-state mechanism of the myosin phosphorylation reaction catalyzed by the smooth muscle isoform of Ca 2+ -CaM-MLCK has not been fully characterized. For the skeletal isoform interacting with the RLC (47) kinetic studies are consistent with a rapidequilibrium random bi-bi reaction model. This means that MLCK can bind either RLC or ATP first to form the MLCK · ATP · RLC complex before conversion to the MLCK·ADP·PRLC complex. The binding of ATP to MLCK and MLCK·RLC are similar, and similarly, the binding of RLC to MLCK and MLCK·ATP are similar. The skeletal isoform can form a dead end MLCK·ADP·RLC complex. It is not clear whether this is true for the smooth muscle isoform, which may not be significantly inhibited by ADP (47) . This needs to be clarified because free ADP concentrations can be rather high in some smooth muscles. For example ADP free in an unstimulated carotid artery can be from 50-150 µM (48) . Both the skeletal and smooth (20, 47) isoforms show strong product inhibition, meaning that the PRLC and the RLC bind with similar affinity. An integrated study is in order because important differences likely exist between the isoforms and substrates cannot always be directly compared, i.e. RLC versus SMM. However, SMM is a difficult substrate to study because it has two active sites and forms filaments in a phosphorylation-dependent manner. An alternative substrate is the double-headed HMM, which does not contain the filament-assembly domain at the C-terminus of the tail or rod domain.
Factors limiting the effective activity of MLCK in the muscle
Factors that likely limit the effective MLCK activity and thus the rate of contraction in the muscle are: 1) MLCK is a low abundance enzyme relative to myosin, 2) MLCK is tightly bound to the contractile apparatus (5, 21, 49), 3) MLCK can be phosphorylated by other kinases at a serine in the CaM binding region, which weakens Ca 2+ -CaM binding (50) (51) (52) (53) , phosphorylation rates can be modulated by telokin (see below), 4) the accessible pool of CaM is often not sufficient for MLCK saturation (53) (54) (55) (56) , and 5) other unknown factors limit the fractional activation of MLCK (57) . Even with these limitations and constraints, MLCK is able to rapidly phosphorylate ~80-90%% of the myosin upon agonist stimulation (see below). Typically however, maximal phosphorylation levels observed in intact muscles are usually below 50%, with basal levels commonly at ~10-30%
Abundance of MLCK in smooth muscles
Several studies have investigated the concentration of MLCK in muscle tissue. Typical values range from 1 to 8 µM (53, (57) (58) (59) . In comparison, the concentration of myosin is much higher, for example it is ~50-80 µM in gizzard tissue and 100 µM in ovine carotid arteries (57) . Actin concentrations are higher yet, ranging from 0.8-1.6 mM (59-61). The exact ratios of the proteins most likely varies greatly from muscle to muscle. For example, the ratio of actin to myosin in common carotid arteries is 30:1 (62).
Fractional activation of MLCK in muscle
It has been shown by several groups that the in situ specific activity of MLCK in smooth muscle is far below the values expected for maximal activation. Recent careful quantification of this effect in intact ovine carotid arteries shows that the fractional activation of MLCK may be developmentally regulated (57) . By comparing the in situ specific MLCK activity and the specific activity of muscle homogenates saturated with added Ca 2+ -CaM (maximal), it was found that the fractional activation of MLCK was only 1.7% in adult and 9% in the fetal arteries. These values are reasonably consistent with other similar measurements (54) . Age-related shifts in MLCK isoforms, or age-related differences in rates of change in cytosolic Ca 2+ concentration did not appear to be the reason for the decrease in MLCK specific activity during postnatal maturation. Furthermore, in this case the in situ CaM concentrations were actually greater in adult versus fetal tissue, and were probably sufficient to saturate MLCK. This is not always true in all smooth muscles (53, 54) . It is possible that the MLCK is post-translationally-modified but rates of MLCK phosphorylation are typically inhibited if MLCK is bound to CaM. Other potential reasons include the presence of an MLCK population that is not co-localized near myosin that does not produce force or phosphorylation of myosin.
Mechanism of MLCK access to SMM in the muscle
An interesting question is how MLCK phosphorylates smooth and nonmuscle myosins in the 3D environment of the muscle. It is not understood how MLCK catalyzes the phosphorylation of the majority of myosin in smooth muscle if it remains tightly bound to the contractile apparatus. MLCK is an elongated and potentially flexible molecule (19, 24, 25) with dimensions that allow it to simultaneously bind actin and myosin. The actin and myosin binding domains described above, although each with relatively weak affinity, could explain the tight interaction with the contractile apparatus. It is possible that the putative extensible or flexible characteristics of MLCK are sufficient to allow it to access a sufficient amount of myosin to initiate contraction, especially if only one head of myosin must be phosphorylated for mechanical activation (63) . Calculations considering molecular dimensions suggest that at most 8 local myosin heads could be phosphorylated by one MLCK. Further phosphorylation could then proceed as contraction brings the actin-tethered (see below) MLCK proximal to the remaining myosin. Alternatively, the known large conformational changes in myosin upon phosphorylation (64) may play a role, where phosphorylation itself could enhance access of the MLCK to other myosin heads. Any model requiring contraction is weakened by the fact that ~90% of all the myosin in permeabilized chicken gizzard tissue can be thiophosphorylated in the absence of any contraction (65) . This suggests that relative sliding of the thick and thin filaments are not required for MLCK to access most of the myosin. This experiment is possible because myosin hydrolyzes ATPγS 500 times more slowly than ATP (66, 67) and does not support motion in an in vitro motility assay. It is interesting that MLCK can access and thiophosphorylate ATPγS-myosin heads effectively, because this nucleotide traps myosin in the weak actin-binding state resembling the pre-hydrolysis ATP-myosin intermediate, which is thought to be a poor substrate for MLCK (see below). Also under this condition, no tension is generated and most of the myosin heads would not be expected to be bound to actin, which might limit the access of MLCK to SMM.
Does the affinity of MLCK for the contractile apparatus weaken upon contraction?
A possible explanation for "apparent mobility" of MLCK on the contractile apparatus is that it might somehow be more mobile or more weakly bound in activated muscle, thus explaining its apparent accessibility to the myosin. Studies in cultured A7r5 cells suggests that this is not the case (38) . However, in tracheal smooth muscle, while permeabilization of strips with 1% Triton-X-100 caused no loss in MLCK, ~25% of it was lost from the muscle after one contraction cycle. Interestingly, there was also a 25% decrease in total protein after one contraction cycle, consistent with other studies (68) . Therefore it is not clear whether the loss of MLCK was a specific effect, or due to a more general damage to the tissue upon contraction. Further quantitative studies like these are needed to address this important point.
Proposed myosin-assisted movement of MLCK on the contractile apparatus
It has also been suggested that MLCK moves on myosin filaments in a myosin-assisted manner (69, 70) . This idea arose from kinetic studies of the rate of phosphorylation of SMM in solution with known low amounts of added MLCK-CaM. Monomeric myosin was compared with filamentous myosin. All the monomeric myosin could be eventually phosphorylated but phosphorylation of filamentous myosin could only reach substoichiometric levels. This fit with a model in which the MLCK remained tightly bound to filaments and was unable to diffuse between filaments, whereas SMM monomers could be phosphorylated by freely diffusing MLCK allowing for complete phosphorylation. Neither the actin-binding nor the myosin-binding domains of MLCK are required for this behavior, because the catalytic core of MLCK also behaved in the same manner. This is unexpected because the catalytic core of MLCK binds more weakly to myosin filaments than full length MLCK because it lacks the IgT domain. The authors have further proposed that the mechanism is "vectorial" or directional, where the MLCK translocates along the myosin filaments during the phosphorylation process, but this has never been directly demonstrated. The mechanism is proposed to be myosin-assisted because single-headed myosin did not exhibit the vectorial-like kinetics. However, a more simple explanation is that the MLCK simply does not bind as tightly to single-headed versus double-headed myosin.
Increased MLCK expression and activity have been linked to many disease states
Both the nonmuscle and smooth muscle isoforms of MLCK have been directly linked to many chronic and acute human diseases. Selective over-expression of MLCK in asthmatic airway smooth muscle contributes to airway hyperresponsiveness observed in asthma (71, 72) and variants in the enzyme are associated with severe asthma (73) and increased susceptibility to sepsis (74) . Over-expression of MLCK in the vascular endothelium of transgenic mice leads to susceptibility to inflammatory lung disease (75) . The hypercontractility of sensitized venous smooth muscle is correlated to an increase in MLCK and is likely to be relevant to the known in vivo hyper-reactivity in anaphylactic shock (72, 76) . Lessons from studies of the nonmuscle isoforms of MLCK, suggest that even very small increases in MLCK expression can lead to serious dysfunction. Increased nonmuscle MLCK activity has been shown to be necessary and sufficient for several barrier dysfunctions (lung and intestinal epithelium (77) (78) (79) , and microvasculature (80) . These dysfunctions have been linked to human diseases and conditions such as colitis (81), Crohn's disease, inflammatory bowel disease (82, 83) , diarrhea (84) and increased vascular permeability due to burninduced edema (85) and sepsis (74) . Membrane-permeant MLCK inhibitors have been shown to restore intestinal barrier dysfunction (86) . Although increased MLCK expression has been linked to most of these diseases, it remains unclear why the relatively small increases in MLCK content (~2-fold) have such profound consequences.
MLCK domain interactions with contractile proteins Interactions of MLCK with myosin
The catalytic core binds to myosin-There are two sites on MLCK that interact with myosin. The structure of myosin is summarized in Figure 4 . First, the catalytic core of MLCK must interact with the highly positively charged and flexible N-terminal domains of the two RLC, which contain the phosphorylated S19s to allow for the phosphorylation reaction. Specifically, R16, Q20, V21, F22, and undefined structural determinants in the Nlobe of the RLC are important for substrate recognition by MLCK (27) .
The IgT domain binds to myosin-The other site of interaction of MLCK with myosin is through the IgT domain. Deletion of the IgT domain from MLCK increases the K m for SMM by about a factor 3, but has little effect on the K m for RLC (19) . This suggests that the role of the IgT domain of MLCK is to improve catalytic activity by binding to structural determinants near the RLC. Much has been learned about the interaction of the IgT domain of MLCK with myosin by studying telokin (87) , which is an independently expressed protein that is identical in sequence to the IgT domain of MLCK. Telokin competes with MLCK for binding to myosin (18, 21) , and telokin binding increases the K m but not the V max of phosphorylation of HMM by MLCK (17, 88) or SMM, but not the RLC (19) . HMM is a truncated SMM fragment that lacks the C-terminal 2/3 of the tail or rod domain, but retains an intact head-tail junction and a full light chain complement (Figure 4) . The apparent inhibition constant (K i ) of telokin is 20 µM (19) to 40 µM (18) . Telokin interacts with unphosphorylated myosin with 1:1 stoichiometry with a K d of ~5-10 µM (17) . The affinity to phosphorylated myosin is very weak (15) . The affinity of tissue-purified chicken MLCK for unphosphorylated myosin is approximately 10 fold stronger, Kd is 0.8 µM (15) .
MLCK binds to the SMM head-tail junction-There are several lines of evidence that the IgT domain of MLCK binds to the SMM head-tail junction. The head-tail junction of SMM is where the rod or tail domain merges with the heads or S1 domains (Figure 4) . The RLC subunits reside in this region of the head, placing the N-terminal lobe and thus the phosphorylated S19s of the two RLC proximal to the head-tail junction. First, telokin binding inhibits the rate of proteolysis at the head-tail junction of both the RLC and the heavy chain of SMM (17) . Myosin fragments that lack an intact head-tail junction bind weakly. For example the isolated head or S1 domain and the isolated rod domain do not interact with as high affinity as HMM, and soluble fragments of SMM that lack the motor domains but contain the S2 and RLC binding regions of the heavy chain together can compete with SMM for telokin binding (17) . S2, the region of the rod or tail that is proximal to the myosin heads, can also compete for binding but not as efficiently (K d not determined).
Although weaker, the interaction of telokin with the S2 region may be interesting. The SMM rod contains a motif ( 1739 LEARIAQLEEELDEEHS 1756 ) that is homologous to a skeletal myosin rod sequence that binds to titin's myosin-binding Ig domain (89) and might similarly bind MLCK's IgT domain. This binding site may be exposed during cycling of the myosin heads with actin, when it is thought that the S2 region detaches from the filament backbone (90) (91) (92) .
Crosslinking studies have shown that treatment of a mixture of telokin and myosin with EDC, a cross-linker that couples D and E to K side chains, results in crosslinking to the RLC and the SMM heavy chain (17, 93) . Consistently, proteolytic studies show that telokin protects the RLC and the heavy chain from digestion (17) . It would be of interest to determine the sites of crosslinking in this complex, as it might shed light on the potential dual binding modes of telokin to myosin.
Visualization of the MLCK-SMM interactions-The interaction of both MLCK and telokin with the SMM head-tail junction has been visualized by EM. The relatively weak (low µM range) K d s prevent visualization of the unmodified complexes, but they were evident after EDC cross-linking. Figure 5 shows electron micrographs of full length MLCK cross-linked to SMM (19) . Similar complexes of telokin-SMM have been visualized after rotary shadowing (93) . A clear interaction of MLCK and telokin with the head-tail junction of unphosphorylated myosin is apparent, consistent with the biochemical studies summarized above.
The C-terminus of the IgT domain is important for MLCK binding to myosin-
The crystal structure of turkey gizzard telokin has been solved at 2.8Å resolution ( (94);PDB 1TLK) with a refinement to 2.0Å (PDB 1FHG). Of the 157 amino acids, 103 were visible in the electron density map. The amino-terminal 35 residues and the carboxyl-terminal 19 residues were unresolved in the crystal structure. The structural core is a seven-stranded C2 immunoglobulin-like beta barrel. Eight amino acids on the N-terminal side of the barrel were visible in an extended structure but amino acids 1-35 were not ordered. This Nterminal region contains several phosphorylation sites. Neither phosphorylation nor deletion of this N-terminal region affected the interaction with myosin (17) . Telokin is an acidic protein with a pI value of 4.5, largely due to the disordered C-terminal region, which is highly acidic (residues 136-157; Figure 6 ). It is this region that is most important for telokin-myosin interaction and myosin filament stabilization properties ((17); see below). In vitro assays with bacterially-expressed telokin truncation mutants indicated that sequence G138-E150 is the primary determinant of myosin binding. The C-terminal sequence is AMISG… 139 GK(EG) 4 EEDEEEEEE 157 . Removing the residues 151 to 157 had little effect, but further truncation from the C-terminus weakened binding and diminished filament stabilizing effects. The minimal binding locus was found to be GK(EG)4EE Sequence alignment ( Figure 6 ) shows that the first EGEGE is highly conserved and all forms of telokin and MLCK contain between 5 and 10 additional C-terminal repeating E residues. We have found that Sf9 cell-expressed rabbit MLCK binds to myosin about 3-4 times more weakly than tissue-purified chicken MLCK (data not shown), consistent with a prior study (18) . Interestingly, the two avian isoforms seen in Figure 6 are different in the C-terminal region from the mammalian isoforms, possibly explaining the differences in binding affinity. The β-barrel motif binds only weakly to myosin (17) . The fact that telokin interacts with myosin largely through a potentially disordered acidic domain suggests that it interacts with a basic region on myosin, which is a property of the RLC N-terminus and the myosin heavy chain region of the head-tail junction.
MLCK and telokin in stomach and uterus are substrates for the proteindeglutamylating enzyme CCP1-It has recently been shown that both MLCK and telokin found in the stomach and the uterus are substrates for the protein-deglutamylating enzyme CCP1, which removes the last 7 E residues from the C-terminus of both proteins (95) . The functional significance of this deletion is not known. Interestingly, a similar enzyme activity may be present in avian gizzard because telokin isolated from this tissue is heterogeneous at the C-terminus. Six different C-terminal peptides corresponding to the removal of one to six C-terminal glutamyl residues were characterized by mass spectrometry (96) . It is likely that MLCK also shows similar heterogeneity, but this has not been demonstrated, nor have similar C-terminal deletion studies been done with MLCK as described above for telokin. In light of the potential for physiological significance, and the relationship to myosin binding affinity, caution should be paid to MLCK heterogeneity from tissue-purified preparations, and potentially also expressed recombinant preparations. (18) . If telokin is cross-linked to SMM, the SMM can no longer adopt the self-inhibited 10S intramolecularly folded conformation (64) that is normally stable in the presence of ATP (93) (Figure 4) . Also, MLCK binds weakly to 10S myosin (22) but more strongly to 6S myosin (extended). This explains why telokin stabilizes filaments, which are normally in rapid equilibrium with 10S in the presence of ATP. The simplest explanation is that telokin and the portion of the tail that interacts with the heads in 10S myosin compete for the same binding site at the head-tail junction. We suggest that the telokin domain on MLCK may not serve only to target the MLCK to myosin but more specifically to target MLCK to the contractile apparatus versus the cytosolic 10S monomers (97) . This would place the MLCK on the filaments, which is the force generating form of myosin. If this is true, it might impact the effective concentration of MLCK on the filaments. (88) confirmed that telokin can inhibit the rate of phosphorylation of purified HMM. Interestingly, their studies also show that telokin strongly inhibits the rate of phosphorylation of HMM by a 61kD fragment of chicken gizzard MLCK that lacks the IgT domain. This suggests that the inhibitory properties of IgT are not solely due to direct competition of IgT for MLCK binding, but also might include masking the phosphorylation site itself. C-terminally truncated telokin, lacking the known SMM binding region (discussed above), no longer inhibited the activity of the 61 kD fragment of MLCK. Furthermore, telokin also inhibits contraction and RLC phosphorylation in Triton-skinned taenia coli fibers elicited by non-canonical RLC kinases such as such as zipper-interacting kinase and/or integrin-linked kinase (88) . This raises the important possibility that the inhibitory effect of telokin in vivo is broader than originally envisioned and not restricted to inhibition of MLCK interactions with SMM.
Telokin-SMM interaction stabilizes SMM filaments-Telokin binding to SMM promotes filament assembly in vitro
The inhibitory effect of telokin may not be restricted to MLCK-SMM interactions-Recently, Shcherbakova et al
The CaM-MLCK complex co-purifies with SMM from tissue-Although MLCK binds to SMM filaments in vitro, (15, (19) (20) (21) through the IgT domain and the kinase domain, it has not been established that this interaction is important to stabilizing MLCK on the contractile apparatus in vivo. However, many studies (20) (21) (22) 98) report that MLCK and CaM co-purify with SMM using various large scale preparations of SMM from chicken gizzards. Indeed, it is usually sufficient to add ATP and Ca 2+ to purified SMM preparations to effect phosphorylation by the co-purifying MLCK-CaM. Hong et al (21) quantified the co-purifying MLCK and found that the MLCK:SMM ratio in the purified preparations was very high, about 23-37% of the ratio found in the tissue. Two groups have reported that the co-purifying MLCK may be heterogeneous with regard to myosin binding affinity, with one fraction binding with much tighter affinity, 30 nM (20) or 200 nM (21) , and the other with weaker affinity, 1.3 µM or 10 µM, respectively. Binding heterogeneity may be related to C-terminal deletions of E residues as discussed above, but this remains to be determined. Both groups report that phosphorylation of the myosin weakened the affinity of MLCK but not to the extent reported for the interaction of purified MLCK with SMM.
Since the prevailing evidence suggests that actin-MLCK interactions are the most important for high affinity MLCK binding to myofilaments (see below), many reasoned that the copurification of MLCK with SMM might simply be due to MLCK co-purifying with contaminating actin in the SMM preparations. However, recently it has been shown that this is not the case, and that the MLCK is binding directly to SMM (21) . Furthermore the copurifying MLCK has normal enzyme activity and the SMM that it phosphorylates functions normally in an in vitro motility assay. This suggests that the MLCK-SMM complex is functional.
Ca 2+ -CaM weakens MLCK-myosin interactions-It is interesting that Ca 2+ -CaM weakens the binding of MLCK to SMM by about 3 fold (15) . The IgT domain of myosin has no Ca 2+ -CaM binding affinity. Therefore, Ca 2+ -CaM binding to its binding domain, which is adjacent to the IgT domain, may alter the IgT conformation in an allosteric manner, which may lead to weakened interactions with SMM. Alternatively, the effect may be unrelated to the IgT domain but rather affecting the interactions of N-terminus of the RLC directly. Further work is needed to address the mechanism for this effect.
Interactions of MLCK with actin
Three DFRxxL motifs at the N-terminus of MLCK interact with actin-It is clearly established that MLCK binds to F-actin. All studies have used actin that was purified from mammalian skeletal muscle (15, 59) . When tropomyosin is complexed with F-actin the affinity of MLCK for actin increases 2-3 fold (15) . As can be seen in Table 1 , the measured binding affinities to purified F-actin vary considerably, even though buffer conditions are similar. The binding of F-actin to MLCK is weakened at increasing ionic strength, although reports differ significantly concerning the magnitude of this effect. Dabrowska reports a minor weakening of the affinity by about 20% from 0.1 to 0.2 M NaCl (59), but Sellers and Pato (15) report a much larger effect where the K d changes from 1 to 50 µM between 50 and 150 mM NaCl concentration. It may be that the small differences in ionic strength or buffers contribute to the variances seen in Table 1 . This effect should be further clarified due to the potential for physiological significance.
A portion of the MLCK-actin binding interaction is due to three DFRxxL motifs at the Nterminus of MLCK (11) (12) (13) (14) . Negative staining and helical 3-D reconstruction (2.5-3.0 nm resolution) of F-actin after decoration with a peptide containing the NH 2 -terminal 147 residues of MLCK showed that. one side of MLCK-147 is close to COOH-terminal residues Arg374, Val372, Glu366, and Tyr364 on subdomain-1 of one actin monomer and that the opposite side of the peptide closely approached an α-helix (actin residues 228-232) protruding from subdomain-4 of the neighboring monomer (99) . This latter site of interaction on F-actin does not appear to overlap with any other actin-binding protein interactions (100) . However, the interaction near the C-terminus of actin may be within a hydrophobic cleft between actin subdomains 1 and 3 that appears to be a 'hot spot' for actinbinding proteins (101) . If this is true, it suggests that MLCK-actin interactions may be regulated by other actin-binding proteins. Figure 7 shows an electron micrograph of rabbit MLCK molecules cross-linked to F-actin, presumably through the DFRxxL domains. Smith and Stull (102) found that a peptide constituting the first 75 residues of MLCK bound to actin with a stoichiometry of 3 actin monomers/peptide. They proposed a model in which each of the 3 DRFxxL motifs binds on adjacent F-actin monomers, based upon unpublished findings that the peptide showed no secondary structure by circular dichroism. So far however, there is no direct structural evidence for this interesting model. Table 1) . Although more data is needed, it appears that Ca 2+ -CaM binds to this region of MLCK with a weak affinity of ~5 µM (14) . This suggests that it would be at least partially occupied with CaM in the muscle, assuming the freely diffusible pool of CaM is ~10% of the total or about 3 µM (53) . With regard to kinetic properties, data from the Stull lab showed that a construct of rabbit MLCK lacking the first 655 residues has a very weak K CaM of 28 µM versus the full length MLCK of 0.7 µM (39). Therefore, the full length MLCK can be enzymatically activated at a much lower Ca 2+ -CaM concentration, suggesting that Ca 2+ -CaM binding to the N-terminus somehow affects the activation of the kinase activity. This is an area that needs further study due to the potential for high physiological significance.
MLCK contains an additional actin binding region that is not sensitive to Ca 2+ -CaM-Ye et al (14) have shown that there is a Ca 2+ -CaM-insensitive binding site for Factin between residues Gly 338 and Val 721 of bovine MLCK. This region contains IgG1 and IgG2 and the Fn domain (Figure 1 ), each of which are ~100 residues. The binding affinity of this fragment (5 µM) is very similar to that of the N-terminus (residues 1-117). Further studies are required to determine which domains within this region are most important for actin binding. The IgG domains are likely culprits based upon homology with other cytoplasmic IgG domains (103) that bind to actin such as palladin and the giant muscle proteins that include titin and twitchin. These structural motifs are conserved and therefore are predicted to have functional significance. Analogous to twitchin (104) , myosin interactions with actin may compete with the binding of the MLCK IgGs to actin in activated muscle.
MLCK interactions with the thin filament-Several groups report that isolated thin filaments do not contain MLCK or contain very little MLCK (105, 106) . However, this needs further investigation because the ratio of MLCK to actin is very low in smooth muscle (~1/100) and quantitative studies have not been pursued. Typical protocols for preparation of thin filaments from muscle (106) (107) (108) (109) have no obvious steps that might promote weak interactions of MLCK with actin, such as high ionic strength or high MgCl 2 . Washed myofibrils are simply treated with ATP to dissociate actin and myosin, residual acto-myosin filaments are removed, and the clarified supernatants are centrifuged at high g-force to pellet the thin filaments and leave the 10S myosin in the supernatant. There could be several reasons for the lack of MLCK in thin filaments, such as proteolysis and weak binding of tropomyosin and other actin binding proteins at 4°C (105) . Thin filaments can also be reconstituted (110) . Our preliminary studies (data not shown; collaboration with Mike Walsh) suggest that MLCK binds with similar affinity to reconstituted actin-Tm and actinTm-caldesmon, but further work is needed.
Multi-domain interactions of MLCK in the cell and with macromolecular structures
Difficulty in measuring MLCK interactions-The published binding constants for MLCK to actin and myosin vary by large factors between various studies and simple binding isotherms often do not fit the data well. For myosin, the main differences appear when comparing affinities of exogenously added purified MLCK versus MLCK that co-purifies with myosin. With regard to actin binding, the two structurally separated binding sites may play a role, with different conditions affecting each differently. A number of factors can complicate the normal sedimentation approach used for actin and myosin interactions. MLCK-induced actin bundling and MLCK polymerization or aggregation may be complicating factors. It has been shown that EDC and other cross-linkers generates dimers and other oligomers of MLCK (111, 112) which are more prominent at the lower ionic strengths commonly used for sedimentation studies (<100 mM added salts).
MLCK weakly stimulates myosin ATPase activity without phosphorylating the myosin light chain-The Kohama group has several reports of MLCK and MLCK constructs that stimulate the myosin ATPase activity without phosphorylating the myosin light chain (16, (113) (114) (115) (116) . The maximal observed stimulation is about 4-fold. Therefore, the activated myosin does not behave like phosphorylated myosin, which is activated ~500-1000 fold by phosphorylation. Furthermore, it is not clear whether the effect has physiological significance because very high concentrations of MLCK are required to observe the effect. Progress has been made on understanding the region of MLCK required for this effect (114) . Interesting studies show that this nonkinase activity of MLCK may play a role in elongated filopodia formation and chemotaxis of vascular smooth muscle cells toward sphingosylphosphorylcholine (117) .
MLCK interactions in the cell-The prevailing evidence suggests that the most important interaction of the MLCK in smooth muscle cells is binding to actin through 3 actin-binding motifs in the N-terminal actin-binding domain (11, 102) . The N-terminal actin-binding domain of MLCK is necessary and sufficient for binding to myofilaments. (12) However, a potential caveat is that these studies were done with myofilaments that were extracted with 50 mM MgCl 2 to remove the endogenous kinase. It is not known why high MgCl 2 concentrations effectively extract MLCK. However, one interaction that is known to be weakened by MgCl 2 is between MLCK and purified actin (13) . It is possible that proteins critical for tight binding of MLCK to SMM filaments were also extracted from the myofilaments under these conditions. For example, myosin phosphatase can also be extracted under these conditions (118) . Consistent with this idea is that the actin-binding domain of MLCK (GST-N1-75MLCK), even at concentrations much higher than the measured K d , displaces only about 50% of the endogenous MLCK from gizzard myofilaments that have not been treated with 50 mM MgCl 2 (12, 21) ). However, if the endogenous kinase is extracted with MgCl 2 first, followed by incubation of the myofilaments with an excess of the first 75 residues of MLCK (GST-N1-75MLCK), binding of exogenously added MLCK is completely prevented (12) . Other important observations of localization of fluorescently-labeled MLCK in transfected A7r5 cells strongly suggest that MLCK binds to cellular stress fibers only through the actin-binding domain (38) . However, in these experiments GFP was fused to the C-terminus of MLCK, which could potentially affect SMM filament binding. In addition, some experiments were performed under conditions that strongly promote depolymerization of SMM to the 10S conformation, which can diffuse out of permeabilized cells (119) and which does not bind to MLCK (22, 45) . Other experiments with Cy3-labeled MLCK in Swiss 3T3 cells or in primary bovine tracheal smooth muscle cells in culture (39) do not exclude the possibility that some of the MLCK co-localizes with SMM. It is known, for example, that the expression of SMM is downregulated in such cells (120) . Also, conclusions here were based upon a construct that has a 10-fold higher apparent K m for the RLC suggesting it does not bind as strongly as wild type. Other studies have shown that the 130 kDa isoform of MLCK co-localized with myosin IIA but not with myosin IIB or F-actin in bovine pulmonary artery endothelial cells. (120) Similarly, antibodies to smooth MLCK co-localize with the periodic distribution of myosin along the stress fibers of gerbil fibroma nonmuscle cells.
MLCK interactions with the myofilament-Several studies have examined the in vitro interaction of MLCK in myofilaments purified from smooth muscle (Table 1) . Myofilaments contain many proteins, principally actin, myosin, caldesmon, calponin, tropomyosin, CaM, and MLCK. Typically, the muscle is minced, homogenized and washed in a low ionic strength buffer containing Triton-X-100 to release any soluble proteins, leaving the contractile proteins in the form of washed myofibrils. Myofibrils are incubated with MLCK and the amount of MLCK in the supernatant versus the pellet is determined after sedimentation of the myofibrils. Values are relative to the amount of actin in the myofibrils. More data are needed but it appears that pre-treating the myofibrils with MgCl 2 (which extracts endogenous MLCK from the filaments) significantly increases their affinity for rabbit MLCK. It is not clear though why the peptide 1-75 binds very tightly even without pre-treating the myofibrils with MgCl 2 . This is not consistent with other studies from the same laboratory showing that the peptide 1-75 competes with endogenous MLCK on myofibrils (not MgCl 2 extracted), but with very weak apparent affinity (~80 µM), unless there is a kinetic effect that limits the rate of dissociation under the experimental protocol. This is inconsistent with the very high affinity for direct binding of the peptide 1-75 to myofibrils (Table 1) . A similar protocol in which a tagged MLCK competes with the peptide 1-75 for binding to MgCl 2 -extracted myofibrils gave an apparent binding affinity of the peptide of 10 µM with complete inhibition of binding of the tagged MLCK. Therefore further studies are needed to clarify these points. It is not clear whether or not the myofilament affords a higher affinity binding environment for MLCK than the purified Factin or purified myosin filaments. It also is not clear whether the MLCK state found in endogenous unextracted myofibrils can be achieved by adding purified MLCK to myofibrils.
The direct in vitro binding studies summarized in Table 1 concerning myofilaments cannot explain why endogenous MLCK has such a tight association with the contractile apparatus in the muscle. None of the individual domains appear to bind with high enough affinity to account for this. Perhaps the combination of the many weak interactions is sufficient to keep it from dissociating, or other proteins such as the phosphatase targeting subunit, or caldesmon, may be involved. There is evidence that at least some of the MLCK that is bound to SMM during purification is perhaps more tightly associated than purified MLCK. It is possible that it is in a different conformational state.
In vitro assays of MLCK interactions with actin and myosin
MLCK interactions with actin and myosin using an in vitro motility assay-We have initiated a study of MLCK interactions with actin and myosin (21) using an in vitro motility assay ( Figure 8A ). Typically, this assay consists of a bed of phosphorylated myosin attached to a microscope coverslip over which fluorescently labeled actin filaments slide in the presence of ATP. We have modified this system by starting with unphosphorylated myosin containing co-purified MLCK-CaM. We have shown that phosphorylation of SMM by the interacting MLCK and the resulting activation of actin sliding exhibit a Ca +2 -CaM dependence similar to that observed in smooth muscle cells (21) . The advantage of this model system over studying regulation in smooth muscle cells is that the constituents and geometry can be controlled while measuring mechanics (using fluorescence imaging of actin sliding), SMM phosphorylation (using an on-coverslip ELISA assay), and single molecule dynamics (using total internal reflectance fluorescence, TIRF, microscopy). In experiments where Ca 2+ was added (at time=0) to a system containing unphosphorylated SMM/MLCK/ CaM (no actin) bound to the coverslip, the subsequent phosphorylation of SMM ( Figure 7C , top) and activation of actin-SMM mechanics ( Figure 8C , bottom) both occurred on a relatively slow (~120 s) time scale. Although the ratio of SMM heads to MLCK was roughly 200:1, nearly 20% of SMM were phosphorylated in this time ( Figure 8B, bottom) . To illustrate the approximate stoichiometry of the experiment, all of the myosin heads in Figure  8B (bottom) were eventually accessible to one MLCK. Actin was not required for this process. We do not know what limits the slow rate of activation in this assay, but preliminary work suggests that a free-diffusional process would be much faster than we observe here. This is consistent with the fact that the MLCK appears to be tightly associated with the myosin surface and cannot be washed away in these experiments. Studies are in progress to observe the behaviors of single MLCK molecules in this assay to see if MLCK-SMM interactions may be limiting the rate of myosin phosphorylation.
Can MLCK tether actin and myosin together in vitro?-Since MLCK has actin and myosin binding activity on opposite ends of the molecule, it is possible that conditions could be found where MLCK could serve as a "brake" on contraction. Kohama's group has tested this using a standard motility assay in which the velocity of fluorescently-labeled F-actin filaments propelled by myosin can be measured. They found that less than 5 nM bovine MLCK or 20 nM of a peptide 1-114 from chicken MLCK almost completely inhibited the motion of actin filaments moving on a surface of pre-phosphorylated SMM monomers (14, 16, 121) . Because the peptide 1-114 caused the inhibition, the mechanism cannot be a direct application of a drag force by simultaneous actin and myosin binding. Interestingly, for both proteins the addition of Ca 2+ -CaM to the assay relieved the inhibition of motion. The MLCK concentrations used for inhibiting motion are similar to those used in frictional loading experiments induced by alpha-actinin (122) . Interestingly, the N-terminal region of twitchin kinase, which has some similarities to MLCK, binds thick and thin contractile filaments We have tried to reproduce some of the finding described above. We do not observe any drag force as measured by reduction in actin sliding velocity or by fragmentation of actin upon adding either tissue-purified chicken gizzard or recombinant rabbit MLCK, or peptide 1-75 of chicken MLCK to actin moving over pre-phosphorylated SMM in a motility assay. This was true even at concentrations far exceeding those used by Kohama's group. In fact, we find that their conditions of loading MLCK/actin mixtures onto the coverslip in the presence of ATP leads to very poor actin binding to myosin. We do not know the reasons for these discrepancies. Our preparations bind normally to actin and myosin and have normal kinase activity.
Perspectives
In this review we have tried to point out aspects of MLCK biochemistry that need clarification and further study. Several of these stand out among the most important with potential for high impact on MLCK function in the muscle. The question of access of MLCK to myosin in the muscle is important because this could ultimately limit the rate of the interaction of MLCK with its substrate. Studies of disease states discussed above suggest that too much MLCK, perhaps if it mislocalized, may lead to dysfunction. Topics related to this are the functional significance of the flexibility of MLCK, the role of the potentially flexible proline-rich region, the importance of the IgG and Fn domains to actin or other protein binding, inter-domain interactions, the effect of contraction on MLCK interactions with the contractile apparatus, and the reasons for low fractional activation of MLCK in the muscle. Importantly, the kinetics of MLCK interactions need to be explored and focus should be placed on using more physiological ionic strengths. Finally, future studies could add to the field by focusing on the mammalian MLCKs versus the avian MLCK.
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